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Wintertime [Nvestigation of Transport, Emissions, and Reactivity (WINTER): An
Aircraft and Ground -Based Investigation

1. Introduction

Anthropogenic pollutantare emittedto the atmospheréhroughout the ygawith a varying
degree of seasonalityror example, emissiored carbon dioxide from fossil fuel combustion in
industrialized nationare modestly larger iwinter [Blasing et al. 2005, while other emissions,
such as those associated with agriculttaes makedly stronger in summerAtmospheric
chemical transformationsyhich play a large role in driving the associated environmental
impacts, have strong seasonal dependenciesthe warmer and more photochemically active
summer months, strong oxidant fornoatileads to the rapid production of multiple secondary
pollutants such as ozone and organic aerosol. In wirgactiveprimary pollutants such as
nitrogen oxides (NQ= NO + NQ), volatile organic compounds (VOC), sulfur dioxide RO
etc.,oxidizefar more slowlyand consequently spread over wider geographic areas downwind of
sources This distribution, in combination with reduced sunlight and colder temperatures,
changes the overall chemical state of the atmosphere [(éignger et al. 1999). Multiphase
processesnvolving interactions between the gas and aergsuticlesor ground surfaceare
important to oxidativgprocessingn winter but arefar more difficult to parameterize relative to
gasphase processe€onsequentlythe ratesat which primary pollutants are oxidized during
winter are not asvell understoodleadingto uncertainty in thémpacts of these emissions ain
quality and clima.

The large majority offield intensives in polluted regions have focuspdmarily on
understanding emissions, transformation and trangpader warmer summertimeconditions.
This emphasis has been largely driven by the considerations above, especialggaith to
regionalphotochemical ozonand secondary organic aeropobduction, which is most acute in
summer months. However, there are a number of outstanding scientific questiara tbaty
be addressed by a wintertime study examining emissgagphasetransformation processes,
and secondary aerosoiass formationincluding their geographic distributiorad export to
remote regions We therefore propose a wintertiragcraftbased field intensive using tiNGF
C-130 in conjunction with a groud-based field intensive at an instrumented tower gite
investigate these topicwer the northeastern United Sat& US)

2. Scientific Questions

2.1 Goal 1: Transformations of Wintertime Emissions

How doesmultiphase reactive nitrogen chemistryaffect oxidant availability , ozone

production, reactive halogen cyclingand the export of pollutantsduring winter?

During summer, the ample supply of both scadatinic radiation and water vapor under warm,
sunlit conditions provides a strong source for hydroxyl radicals, OH, the most important
atmospheric oxidarjtevy, 1971.

Oz + n (1<320nm) + HO - 20H + Q Q)
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Concurrent oxidation of NOand VOC under these conditions occurs rapidly, and leads to the
well-known phenomenon of photochemical ozone production in neatesoegionsOxidation

of a hydrocarbon (RH) to an organic peroxy radical {R@ the presence of NGand sunlight
leads to the net production oftwg®nd an oxi di,whcH caV@@inué tRrough
the cycle.

OH + RH- RO;+ H,0 (2)
RO, +NO- RO+ HO;+NO; 3)
HO, + NO- OH + NG, (4)
2X (NGO, + hv- NO + Oy) (5)
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During winter, the primary production of
OH from ozone photolysis is reduced t
more than an order of magnitude, leadil
to inefficient daytime oxidation of bott
NO, and VOC. Wintertime NQ

emissions under these conditiaralead

to net destruction of ozone in near sour
regions via a set of dark reactior
involving formation and loss of XDs.

2x (NO + Q- NO,+ Oy) (6)
NO; + O3 - NO3 + O (7)
NO, + NO; - N,Os (8)

N,Os + HO (het)- 2HNO;  (93)

Results from the NARE 96 campaigr
[Parrish et al, 1999, as well as analysis
of the relationships between ozone a
CO at marine sites downwind of the U.!
East Coast[Parrish et al, 1993, are
consistent with this mechanism. The H —
longer photochemicalifetime of NG in ' ' ' '
winter compared to summer, however Figure 1.The fraction of total nitrate (HN©+

leads to anuch broader background level NOs) formed over the (&. from heterogeneous

of NO, that has been suggestéd shift hydrolysis of MOs as predicted by the GEGS

the balance of ozone production anc Chem model for winter (W) and summer (Su).
destruction to a net ozone producing

regime through large areas of the troposph¥renger et al.1999. The balance between near
source ozone destruction and widespread ozone production resulting from wintertime
anthropogenic emissions remains unclear but is critical to the understanding of seasonal and
long-term trends in tropospheric ozof@ooper et al.201Q Cooper et al. 2012 Mickley et al,

2001, Parrish et al, 2012 2013 Shindell et al.2004.




The balance between ozone destruction and production in highagions depends linearly on

the primary radicalHOx = OH + HQ) production ratgKleinman 2005 Thornton et al. 2003.

Model to measurement comparisons of H®the Northeast between summer and winter show
that models can adequately represent OH levels in polluted ragisasnmer busignificantly
underestimate theiffiactor of 5) duringvinter [Cai et al, 2008 Ren and Cher2003. Although

there are relatively few measurements of radical species and their precursors available for model
evaluation, such comparisons suggest a general lack of understanding of wintertime oxidant and
radical sourceswhichin turn creates uncertainty model predidbns ofozone productiomates

andthe conversionratesof NOy to inorganic and organic nitrateSO, to sulfate, and VOC to
oxidized low volatility compoundsSucherrors therlead to uncertainty in theredictions of the

net export of these speciesmoreremote regions.

There are several key mechanistic uncertainties related toifisess The first is the fate of
N2Os, which eithercan be lost via reactionith aerosolsdeposit to the surfacer decompose to
reform NQ.. The relative importancef thesepaths dependprimarily upon the efficiency of
N.Os reactive uptake to aerosols and clounsthe winter season, for which there is little,
published field dataSummertime aircraft intensiveand grounebased measurementsave
identified large wariability in the rate of this proceg8ertram et al, 2009 Brown et al, 2006
Riedel et al. 20128; however the fate dl,Os is far more important to its ultimate impacts on
NOy and Q in winter than summetAlexander et i, 2009a Davis et al, 2008 Thornton et al.
2014. For example, GEOS
Chem model predictions
suggest ~50-70% of NQ
over the NE US is converted
to HNO3 via N>,Os hydrolysis
in the winter, compared to
only 30% in the summer
[Alexander et a).20094.

Related to these questions is ‘ ‘
the wintertime production of p— o | 80
CINO,, a photolabile haloger

. h | ; Figure 2. Predicted annual production rate of CING
species that results 1ron gpqn for the continental U.S. Color scale is logarithmic in

reaction of NOs with g o gCl per ix1° grid cell per year. Adapted from
chloride containing aerosol. Thornton et al[201Q

N2Os (g) + CI'(aq) - NOs (ag) + CINGQ(g) (9b)

Recent wintertime field and modeling studies of this compasunghest that it is likelynost
prevalent in winter, particularly in theE US[Kercher et al. 2009 Thornton et al. 201Q (see
Figure 3. Because CIN® undergoes photolysis during morning hours, piduction
contributesto daytimeradical formationtherebyinfluencingthe balance of ozone production
and destruction from nitrogen oxide emissions

CINO, + n- Cl + NG



CING; in fact may be a significant contributor to radical production, especially during winter.
For example, results from the CalNex x 10°

canpaign inthe Los Angeleshasinsuggest

that CINO, contributed ~10% to the
primary daytime radical sourcg¢Young et
al., 2013 during late spring / early summer
condtions. During winter, the relative
contribution is anticipated to be much
larger. As shown in Figure 3, CINO;
abundances in the New York City plume
during winter likely similar tothe 0.5to 4
ppbv measued in Los Angele$Kercher et
al., 2009 Riedel et al.2012a Young et al.

14

12 | Los Angeles
June
1ppbv CINO,

o('D) + H,0
——CINO,, + hv

=
o

Radical Production Rate (cn”'l3 3'1)

2017, could exceed that from zmne s —
photolysis (reaction 1 above) by a factor of Lz oY 1
3, due in large part tolawer concentration 1ppbv CINO,

of water vapofor reaction with O(D). 28

21

uction Rate (cm'

CINO, formation also directly and
indirectly impacts the lifetime and export of 3
NOx with consequences for the downwmdn-
HOx abundanceand partitioning of total
reactive nitrogenNOy (NOy = NO, + NOg

+ N2Os + CINO; + acyl peroxy nitrates +
alkyl nitrates + HNG). CINO; is relatively
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unreactive at night and thereby acts to
transport NQ throughout the night anc
early mornng. The subsequenphotolysis
of CINO, after sunrise is then a net NO
source in rural or remote regionsThe
simultaneouspulse of Clatoms can also
affect NQ, partitioning by enhancinghe
net formation of acyl peroxy nitratesich
as PAN.Consistent wh this idea are recen
global modeling simulations using the

Figure 3. Example MCM box model
calculations of the radical production rate fron
CINO, and ozone photolysisrfowo cases of LA
in June and NY City in February. For simplicit
the only differences between the two cases ar
the seasonal and latitude dependent photolysi
frequencies, temperature, and water vapor
mixing ratios. Otherwise, NQO; and VOC are
assumedo be similar.

Community Atmosphere Model (CAM) with comprehensigas and multiphaséalogen
chemistry[Long et al, 2013. The model predicts higher N@bundance, with enhancements
exceeding 100% especially downwind of polluted coastal regions, when comparing simulations
with fully coupled halogen chemistry tthose without Figure 4 shows the annual mean
perturbatios to NOy in the planetary boundary layelue tothe incorporation ofhalogen
chemistry. The enhanced NOdownwind of the eastern US and northern Europedisven
primarily by CINO, formationand pocessing
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Figure 4. CAM simulations of the annual mean perturbation to,lMBundance in
the planetary boundary layer resulting from incorporation of full halogen chem
[Long et al., 201]3

Nitrous acid, HONO, is another radical precursor species thought to arise principally from
multiphase reactions of NOField observationsave shown that HONO is ubiquitously present

in continental neasurface airimpacted by NQ and isespecially enhanced in the nocturnal
boundary layer of urban regiofBlatt et al, 198Q. Vertical profile measuremesitmostly from
groundbased platforms, show HONO concentrations decrease strongly with height above
ground during stable conditior[$Stutz et al. 2002 Wong et al. 2013, consistent with an
important HONO source at the grourt. night, dark reactions of N{on ground surfaceand

direct emissiondrom combustion are thought to contribaetto the HONO sourcéen urban
regions[Stutz et al. 2003. However, he molecular mechanisms of the dark heterogeneous
conversion of N@ to HONO remain uncertaimnd thus HONO formation iglifficult to
accurately incorporate into mode]&lshorbany et a). 2013. In addition, several daytime
sources of HONO involving photochemistry on surfacesrelease from soilsrave been
proposed to explain lower but potentially more important daytime HONO concentrations
measured in polluted and rural regi¢Bsemrter et al, 2006 Su et al, 2011 Wong et al.2013.

The abundance, production mechanism and seasonality of HONO observed during daytime are
topics ofintense current debaf®©swald et al. 2013 Sorgel et al. 2011 VandenBoer et al.

2013.

During the day, HONO undergoes photolysis to yield OH and NO, potentially contributing
significantly to the radical budget, especially in the morning

HONO +m- OH + NO (9)
Groundbased reasurements suggasiat HONOcan contributeup to 30% to the daytime OH
production during summgand a recenglobal modeling study suggests HONO is the dominant

wintertime OH sourcever the NE UShby factors of 2 or morewyithin the lowest model level
(30m above groundAlicke et al, 2002 Elshorbany et a).2012 Sorgel ¢ al., 2011.
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There are fewsimultaneousaircraft measurements ¢iONO and CINGQ, and none to our
knowledgein winter that would allow analysis aheir spatial distributios or impact on
wintertime oxidant formatiorDuring CaNex, a summer time canagn,the NOAA R3 aircraft
provided the first insights into the typical vertical profile of CIN&@er the LA basin. Together
with vertical gradients in HONO measured by the UGbAltiple longpath Differential Optical
Absorption Spectrometer (DOAS)strument, Young, et a[2017 recentlyshowed that on a
column total basis, CINOwasa much moreamportant radical source than HONfDoduced at
night, even though asurface level CIN@ and HONO had similar nighttime mixing ratios

Although there was considerable variability with height on individual profiles, in an average

sense,CINO, showed little variation with height through the residual boundary laykile
HONO had a maximum near surfaead fell exponentially with height above surface level

(Figure 5). CINO, productionis driven

mainly by the reaction of )Ds and

aerosol particles, which tend to b
distributed through the boundary laye
while, as noted above, HONO

production appears tdoe produced
primarily on ground surfaces.The

generally stratified nocturnal
atmosphere then restricts th
importance of HONO to the nea
surfacelayers, at least in this example
Daytime observations of HONO during
CalNex (notshown) suggested it to be
large contribution to radical productior
at least at surface level.

During the 2013 Southeast Atmosphe
Studies (SAS) campaigns, whic
included both the NOAA B aircraft
(SENEX) and the NSF Q30

(NOMADSS), both CINQ and HONO

were major fod of aircraft

measurements. While results of the
studies will soon be forthcoming, thei
focus was also on photochemically
active, summertime conditions in

biogenic rich area. These data w
provide an important contrast to th
measirements proposed here

Two recent wintertime field campaign
in continental regions support thi
overall picture of the role of

unconventional radical sources in winter. The NACHTT (Nitrogen, Aerosol Composition and
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Figure 5. CINO, and HONO mixing ratios as
function of height above ground surface in the 1
Angeles basin during the CalNex 2010 campaign.
Example vertal profile of CINQ and potential
temperature from the NOAA -P aircraft. B.
Median (circles), 2% and 7% percentiles (dark
shade) and 10 and 9¢" percentiles (light shade
from 21 nighttime profiles across the L.A. basiD.
Comparison of aveige CINQ from P-3 profiles to
average HONO from a multiple lorgath DOAS
instrument over the range®0 m. The DOAS wa
located in Pasadena, CA, while the CIN@rofiles
were distributed throughout the L.A. Basin.



Halogens on a Tall Tower) campaigrokoplaceat a suburban siteear Denver, CO in February
—March 2011and included vertically resolved measurements of,N#5, N,Os, CINO,, HONO,
aerosol size distributions and compositi@rown et al, 2013. Measurements indicate that
CINO, and HONOoriginate from distinct sourcewith CINO, often associated with pollution
plumes aloffRiedel et al. 2013 andHONO typically associated with shallow layers near the
ground surfacéVandenBoer et gl2013. A radical budget analysishowed HONO to be by far

the dominant source of primargdicals in neasurface airThe UBWOS (Uintah Basin Winter
OzoneStudie$ took place in a remote area of northeast Utah with the goal of determining the
cause of recently observed high ozone evassociated with oil and gas producing regions in
the western U.S. Thstudiesincluded measurements of HONGINO, and their precursors.
Although vertically resolved measurementsraoeavailable, theesultsfor the first study, which
occurred in 202 during a winter without high ozone evensfiowed that both HONO and
CINO, were much larger primary radical sources thanDP@ H,O, and that these radical
sourcestogether with formaldehyde photolysisere the critical difference between ozone
producton and destruction due to N@missions in wintetWith these radical sources included,

a box model could quantitatively reproduce the observed ozone production of ~12 ppbv day
without these sources, the same model predicted total destruction ofduepteeNQ emissions

in this basiMEdwards et al.2013. This result demands further investigatiortted influence of
these radical sources wintertime ozone budgets in other regions.

Results from these limited field studies suggest that mighe production and daytime
photolysis of CINQ and HONO together represent a potentially dominant source of primary
radicals to initiate oxidative processes in polluted air masses in winter. However, there is
simply no data available to asseshe ubiquty of these radical sourcesn different
environments, nor what their relative or absolute magnitudes sresome of the most polluted

air sheds in North America.We hypothesize thahe influence of these sources could be large
during regional transpofand export) of the pollution plumes from the Eastern U.S. seaboard.
However, their interplay is not clear and would be impossible to model in the absence of
measurements. For example, during export of pollution plumes from the ¢tt@stO
productionis likely to decreasen importancein the absence of a land surface for efficient
heterogeneous uptake of lOConversely, production &INO, may increase in importance due

to thegreatersurface area of Gtontainingmarineaerosolover the coastal ocea The altitude

and depth of plume advection, the overall composition of the gas and aerosol species in these
plumes, the plume sources (e.g., urban vs. power péamt)the dilution rates and transport
patternswill strongly influence these effects.

As illustrated above, hie stratified nocturnal atmosphere ismajor factorinfluencing he
potential importance of thievo radical source€INO, and HONO More generallywe expect
substantial horizontal and vertical variability in the dominant radical ssuand oxidation
pahways active during wintefThe relevant scaé of variability could beéens of meters in the
vertical at nightand a few kilometers in the horizont8ch spatial heterogeneitgpnfounds the
representativeness of ground based meammrmHence the need for wintertime aircraft
missionto evaluate thekey chemicalprocesses and transport pathwaysthe spatial scales
typical of regional and global models



Recent advances in aircraléployable instrumentaow allow investigation bthe processes
described abovat an unprecedented level of detail and accuracy. Techniques now available
include hightime-resolutionmeasurements of the key N@nd halogen speciesichas N,Os,
CINO;, Cl,, HONO and relategirecursortrace gaseand aensol compositionThere have been

no prior wintertime aircraft studies of NOs, CINO,, and HONQ

2.2Goal 2: Wintertime aerosol formation mechanisms

How do differences in temperature, oxdants, biogenic emissions, and boundary laye

dynamics between winter and summer impact secondary aerosol formati@n

Formation and growthof aerosat from gasphase precursors is an importgrbblem with
significant unertainties that limibur understanding othe impacts of shortived specien air
guality and climatgShincell et al, 2009. The transformation processes that lead to secondary
aerosolinclude oxidation of sulfur, reactive nitrogen and VOC emissions, and assadhiven

by the availability of oxidantsand, thus,depenént on the processesummarizedabo\e.
Furthermorethe equilibrium partitioning of seravolatile speciessuch as ammoaj nitric acid,

and organic compoundsyith aerosad is strongly temperature dependenthis temperature
dependence should lead tgrsficant seasonal shifts in thrates andmechanisms of secondary
aerosolformation with consequential changes in the dominant aerosol components in polluted
regions These seasonal shifts in kinetics and thermodynamics provide an opportunity to directly
test model sensitivities to specificocesses or meteorological conditions

The partitioning of semvolatiles between gas and particle phases is a function of the absolute
mass concentratiorsnd chemical compositionsf each componentemperature, and relative
humidity. Thesecharaceristics of the multiphase systeare subject to boundary layer dynamics
with potentially highly localized featuresdsynoptic meteorologyTherefore, to quantitatively

test modepredictionsof wintertime aerosol mass concentrations, composition,randgort, an
aircraft study is critical tprovide the data over large enough spatial scales to separately examine
whether modeimeasurement errors arise from inadequate nmedelutionor dynamicspr from

) JUA
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Figure 6. The fraction of inorganic nitrogen in mean surface fine particulate matter
mass during winter (left) and summer (right). Measueats from the Midwest

Ammonia Monitoring Project (dots) are overlaid on Gé&iisem output. Taken from
Heald et al[2017.

incompletechemical mechanisms @erosolthermalynamics. Moreover, in wintertimstrong
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gradientsand substantial dayo-day variationdevelopin meteorological parameteessociated
with variability in the position of the polar jesurface air temperature can increase by more than
10 C from New Yorkto central Georgia, often with much of that change occurring in a very
narrow band dictated by the location of the polar froAt aircraftequipped to study oxidant
and inorganic aerosol precursors together with aerosol compositiontbetgdioreprovide new
insights into the sources and persistence of wintertime aeagsoss a wide range of this
parameter space

The uncertainties in the chemical transformations discussed in the precgzitign have a
direct impact on our quantitative descriptiosfsaerosol formation in winter.Nitric acid is a
highly volatile species whogeartitioning withthe aerosol phase is strongly dependent on both
temperature and aerosol acidityitrate is a dominant component of inorganic aerosol in the
Western U.S. butar less prevalent in the Eastern U.S., excepwimer, when it can drive
exce@ences of National Ambient Air Quality Standards for particulate mg€tzman eal.,
2010. Recent model predictions suggestrate contributes ~30% gfarticulatemassduring
winter (see Figure 6)Appel et al. 2008 Heald et al, 2013.

In spite of this important contributiadio particle masspercent deviations betweemodekd and
measued concentrations gfarticulate N@ reach 100% over the eastern U.S. during widtey

to multiple factors Understanding of wintertime niti aerosol formation iBmited in part by
uncertainty inthe multiphasechemistry of NOs discussed aboyepecifically, the heterogeneous
reactionrate and the relative importance of the CIpN@rmation channe[Heald et al, 2012
Mathur et al, 200§ Sarwar et al. 2012 Zhang et al. 2013. An important, but poorly
constrained coupling in this regard is the inhibition eDNreactive uptake bwerosol nitrate
[Bertram and Thorntor2009 Wahner et al.1999. Thesec al | ed “ni trate effec
suppression of the s reaction rate by the buHdp of reaction prducts. Becausedaytime
HNO; formation by OH + NQ@is small due tdow oxidantproduction the nitrate effect in pOs
hydrolysis implies wintertime nitrate formation ispotentially a selflimiting system
Furthermorepecausenorganicnitrate aerosoformation and associated phase partitioning with
gaseousHNO; are strongly pH dependentthese processes are directtpupled with the
availability of ammonigNH3), SG, andits reaction productésulfuric acidand particle sulfade

all of which arevary seasaoally and spatiallyThis chemical system will also evolve over time in
response toelative differences in the projectddture emission trend$or NH; and SQ [Heald

et al, 2012 Pinder et al, 2008. CINO, formation can lower the absolute local abundance of
HNO; available for ammonium nitrate aerosol, and thereby offer another potential explanation
for model oveestimates in the NE U.$Appel et al. 2008 Heald et al, 2012 Zhang et al.
2017. Thus, ammonia emissions and abundaobgride availability, and sulfur emissions and
oxidation arecritical to understandintghe production and processing mifrate aerosol and its
associated impacts on air gigliand radiatie forcing. Furthermore, because all of these
processes are temperature dependent and vary with fidigmnan et al.2003, thecurrentlack

of aircraft data isa critical limitation in understanding the interplay between these gas and
aerosol species.

Sulfate isoftena principal component of aerosol in polluted regions, particularly in the Northeast

U.S., which lies downwind ofhe large SQ source regiorasso@ted with coatfired electric
power generation in the Ohio River Vallel,SO,, the end product of photochemical SO
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oxidation,is a critical driver obothnew patrticle formatiomand particle growthThe competition
between local conversion of sulfur essions to aerosol sulfate and the export of ®©Qhe free
troposphere therefore has important implications for aerosol direct and imdotettveforcings
[Shindell et al. 2009. Photochemical xidation of SO, in the gas phaseccurs more slowly in
winter, andthe dominant sulfate formatiomechanismhas been suggested $hift toward
agueous phasg(lV) oxidation by HO,, O3, and transition metalprimarily in cloud droplets
[Alexander et a).20091. Global modelgenerallyoverpredict S@and underpredict sulfgtdue
in part, to uncertainty in the treatment of these oxidgmsrglen et al. 2004. Such biases
sulsequently impact aerosol thermodynamicalculations of wadr content and acidity,
predictions of the aerosol nitrate burden and the reactive uptake rat@stbNrerosols.

OH Exposure (molec. cm'3 s)
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Figure 7: The evolution of O&AXCO versus photochemical age for Pasadena during CalNex.
measured ratios are averaged into 25 bins according to photochemical age. The enhan
(OCO) is the ambient CO minus the estimated background CO (105 ppb). The standard ¢
OA/LCO is smdkr than the size of the data point, and therefore is not plotted. Instead errot
representing the uncertainty in the ratio due to an uncertainty of £20 ppbv in background C
shown. Photochemical age is determined by two methods: (1) followinighPatral.[ 2007 and
using the ratio of 1,24rimethylbenzene to benzgigeeen); (2) following Kleinman et 12009
and defining the photochemical ageidsg:o(NO/NG,) (red). All photochemical ages have be
standardized to an OH radical concentration 1.5 X fiblec. cri¥, and the corresponding Ot
exposure istgown on the top axis. The gray region is adapted from DeCarlo §2@1J and
represents the evolution of Q&LO observed in the northeastern United States and the Me
City areas during summer . The bl ack hori
L VOOA&XO. fineet) Evolution of the PMF component concentrations normalizedG®
versus photchemical age. Data is binned according to photochemical age.
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Secondary organic aerosol (SOA) is a topic of intense recent interesfJengnez et al.2009)

as is mass contributiors typically of comparablenagnitudeto that of aerosol sulfat¢Zhang et

al.,, 2007]. As with secondary nitrate and sulfate aerosol, S@rnationis a function of both
oxidant availability andhermodynamigartitioning of semwolatile species to the aerosol phase
and, consequently, the nature of primary production pathways differisg winter and
summer.The lack of strong biogenic VOC emissions in winter removes one of the primary VOC
sources thought to contribute to SOPae equilibrium repartitioning of primary organic aerosol
(POA) components into the gas phase and subs¢quedationto form SOA shouldalso be
slower [Robinson et al. 2007. As such wintertime organic aerosolmay have a larger
contribution from anthropogenROA emissionsources, such agyicultural burning andbio and

fossil fuel use with potentially different opticaland hygroscopicpropertiesthan that of
summertimeorganicaerosol Moreover, the properties and timescales of SOA formation may be
significantly different in winter compagleto summer due to the expected lower abundance of
oxidants (see, e.g. Figum®. Interestingly, oganic aerosol observations from surface sites show
comparable loading in winter vs. summer, a®leralmodels fail to reproduce wintertime
observationgCarlton et al, 201Q Mathur et al, 2008 Shrivastava etl., 200§ Such finding
suggest problems in the model representationsvioter-to-summer changes in continental
boundary layerdynamics emissionsand processing of organic aerosol precursas some
combination of all thre¢Mathur et al, 200§. To our knowledge, there have been no aircraft
intensives aimed at understanding wintertime organic aerosol in or downwind of urban locations

in thecontinentalUs. .
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While anthropogenic emissions of several spec .
important for air quality and climate may have
modest seasonality on a national scale, seas
changes across source types may diffeniBaantly
and vary regionally.Moreover, emissions of ke
padlutants such as NQand SQ from fixed point
sources (mainly power plants) in the Northeast U B
have fallen dramatically, by 30 50% over the past  San  war  May  Ju Sep  Nov
decade Figure 8). Satellite observations and CEM._ Month

data suggest NCemissions have continued to decreas”19ure 8. CEMS NQ (Top) and S@

even during winter over larger regions of th¢(Bottom) emissions from Northeast
U.S[Russell et a).2013 U.S. fixed location point sources

(mainly power plants) for select yea

In the recent pasthé increased need for home heating in winter mdetids to 8o 20% larger
CO, emissionsationally relativeeo summeiBlasing et al. 2005 Levin et al, 2003, and likely
changes the mix admission sourcesf other speciescluding NOk andcarbon monoxideGO).

)

!

1
.

SO, (105 tons month

12



While the change in total fossil fuel combustion emissionS@f between summer and winter is
modest, the reduction in the biogenic uptakeCak leads to a larger net input €O, and
enables a more straightforward interpretation of anthropogedicfluxes. Thus absoluteCO,
emissionsfrom urban centersare more easily and accurately characterized from downwind
aircraft transects in winter, andO, consequently serves asuaeful tracer for combustion
emissiongluringthis season.

Agricultural emissions oNH3; show a pronounced seasonal cycle, with laglgerease in
wintertime due tothe temperature dependence of Wslatility and reducedfertilizer use
[Gillland et al, 2003 Heald et al, 2012 Pinder et al, 2004. Total NH3; emissionsacross the

U.S. arelowestduring January and Februargnd increase bjactors of 3 to 5 during spring
through summer Nevertheless, violations of the particulate matter ambient air quality standards
in winter are associated with high loading of ammonium nitrate aei@Gbahges in ammonia
emissions and atmospheric loadingdluence the formation of secondary aerosol via its
interaction with bottHNO3; and BSO, as described abovA. payload aiming to test wtertime
nitrate formation pathways woulalso provide useful topdown constraintsfor modeled NH
emission rates ovdroadgeographical areas

Emissions of soluble chloride in an‘
season remain highly uncertain, especia
inland of coastal region€oal combustion .,
[McCulloch et al, 1999, water cooling
activities associated with power plan «*
[Chang et al. 2003, and biomass burnin¢
(e.g., [Keene et al. 2009) are all
potentially important regional sourcel .«
much of the eastern US, the annual
averageratio of ClI/Na in precipitation is
50-100% higher than that expected fro
sea spray alone consistent with the ««
existence of other chloride sources (s
Figure 9). To our knowledge, statef-the-
art measurements of chldei emissions .,
from power plantsor other combustion
sourceshawe not been conducted in th**
U.S. Inaccurate or incomplete chload
emissioninventorieswill cause significant
uncertainty in model predictions of th Figure 9.Annual mean (199@010) wet
importance of inland CIN©formation deposition of chloride (mg/yr, top) and the mc

ratio of chloride to sodium @itom) measured
In addition to addressing a lack ¢ N Pprecipitation by the National Atmospheric
information on wintertime emissions, ~Deposition Program (NADP); ratios >1.2 are
winter time study would broadly improve higher than that in seawater.
our understandip of emissions of a host o
short lived pollutants from urban and industrial sources. For example, anthropogenic sources
dominate the emissions of volatile organic compounds (VOCSs) in winter, especially in the NE

“w'n
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US, thereby facilitating the distinction tveeen anthropogenic and biogenic emissions. Oxidation
rates are also normally slower for all VOC types, such that-smace downwind aircraft
transects are less likely to be influenced by chemical processing and more likely to reflect
emissions. The lackf strongCO, uptake to the biosphere allows its use as a direct tracer of
combustion. Emission factors relative to fuel use can then be determined for a wide variety of
shortlived pollutants more reliably than in summer. Examples include black ca&8pnNOy,

and carbon monoxide (CO) among others.

Wintertime transport of such emissions is distinct from summer in that local convection is
minimal, while horizontal advection can be relatively more important with vertical exchange and
long-range transpérdriven by frontal passages. Temperature inversions, which can persist well
into the day during winter, can confine pollutants into shallow layers with higher concentrations.
The extent towhich net transport of pollutants from source regions to the ramal remote
atmosphere is influenced by chemical processing and physical processing under these higher
concentration and suppressed vertical ventalation conditions remains poorly characterized with
in situobservations

3. Experimental Design

To addresghe above issues, we proposed to conduct a cwisdi aircraft and grourshsed
experiment in the northeastern U.S. during winter. The aircraft component will generate a
comprehensive suite of multiphase observations over broad spatial and altitodieal $hese
measurements will be complemented with higbolution toweibased observations of reactive
species within the nocturnal boundary layer including HONO (much of which is produced at or
near the ground surface) and key aspects of aerosol cdimpdbkat cannot be quantified from
aircraft using current techniques.

3.1 NSF G130 Deployment

The suite of instruments summarized i .
Table 1 would be mounted othe ~ e
NCAR C130, which would be & ey
deployed at a cerdl location in the
Northeast U.S.Past feld campaigns
with similar aircraft have successfull
operatedout of airfields inNew Jersey &
( WATOX Rh8dé Jsland (NARE B
96), and New Hampshire (ICARTT i
2004), all of which would be suitable SS##s
for the WINTER study.The U.S. DOE |
G-1 aircraft recently opated a

wintertime experiment out of Hyannis
MA in January 2013A six weekstudy

would be sufficienttime to generate the

Google earth
¢

Figure 10. Map indicating the range of the-€30
aircraft for intensive research flights (inner circle)

Lequwe(_jd da}t‘i‘ The l;esitlmln_g tW(?[_uId and those combing high altitude transit with low
€ mid-winter ~when - WINErtime - :+,qe cruising (outer circle).

atmospheric chemical mechanisn..
dominate. Operation into late mter would provide information on the transition from winter to
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springtime conditions.We therefore propose the study take place between January and March
and as early a&015

C-130 flights originating from a location in the urban corridor of the Neaft U.S. could
sample and followpollution plumes from various sourceser land and ocean, provide vertical
profiles of boundary layer structure and composition, survey emissions upwind of the region,
including power plants in the Ohio River Valley, ma@sexport of pollutants from the region,

and contrast the composition thfe relatively clearand versusmoderately to heavilpolluted
troposphere. A4-6 weekintensive measuremempieriod would allow 120 research flights,
which could be divided approrately equally between daytime and nighttime operatioth an
emphasis on capturing transition periods from night into day or day inta night

3.1.1 Flight Planning and Wintertime Logistics

Figure 10 illustrates typical ranges of research flightsizitig the G130 aircraft, assuming, for
illustrative purposes, that the aircraft is based olBalfimore, MD. The G130 has a maximum
endurance of 10 hours and a range of 2490 nautical miles. Research maneuvers, such as vertical
profiles, together witheserve fuel requirementwaeathey and airspace restrictiongtimately
reduce these such that the actual range and
weather conditions. The ranges indicatedrigure 10 are therefore approximate and mainly
illustrate thefull extent ofpossibilities with the €.30. The inner circlendicates the range for a

fairly intensiveroundtripresearch flight that starts with a fully loaded aircraft and dedicating 5
hours of research time taearly continuous vertitrofiling between the ground ar&b00 ft asl

with transects upwind and downwind of specific sour&egially possiblevithin this rangas a

transit at altitude to a locatiapproximatelyon the perimeteof the inner cwclefollowed by 3

hours of intesive maneuvers with direct
return to baseThe outer circle indicates the
range for a research flighthat includes a
transitat 15000 ft askto approximatelythe
perimeter of the inner circle followed by
cruise at 1000 ft ashA range between thess
two circles is more likely given fuel reserv
requirements as the distance from altern .
landing sites increaseand maneuvers i B
addition to a constant low altitude cruis
will be desired. A combination of such ¥ )

approachesvould allow characterization ofFigure 11 Example flight patterns foNINTER
specific source plumeseither from power

plants or urban regionsontrast regional variations (coastal versus inland), and sgoiilged
continental outflow significantly offshore.

2 4 6
Elapsed Time (Hours)

Our approach to flight plan development will be to start from pland usgrevious aircraft
campaigns that took place in the Northeastern U.S. (NARE, ICARTT, and NEAQS) and
successfully sampled power plant plumes, urban air at night, and pollution outflow over the N.
Atlantic (e.g., http://www.esrl.noaa.gov/csd/projects@POWe aim to characterize some of the
same urban regions and point sources in order to provide direct comparisons in terms of
seasonality of emissions and processing, and within the context of ‘engertrends in
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emissions. The operations base willdbgfted south iINWINTER (to the midAtlantic instead of
Portsmouth, NH) to allow more frequent sampling of the-Atidntic region and occasional
access to the Southeast. Moreover, a greater number of nighttime flights are planned for
WINTER than were coducted during the previous campaigns.

Shallow boundary layers at night, and even well into daytime during winter, will provide a
special challenge to flight planning and characterizing polluted regBaswvin et al. 1998
Holzworth 1967 McGrath-Spangler and Denning2013 Seidel et al. 2013. Missed
approaches at airports, and low altitude runs in the marine boundary layer (MBL) have
successfully sampled confined pollution and its outflow in past campaigns, and will be used in
WINTER. The MBL can be deeper than over land during winfstcGrath-Spangler and
Denning 2013, facilitating sampling of pollution outflow from N. America. Lower altitudes will
be further characterized by independeffiigded flights with a light aircraft operated by the
University of Maryland (see belowin the months por to deployment, we will work with RAF
personnel to develop feasible low altitude flight plans near key urban areas and downwind of
point sources.

Figure 11 depicts four example flight paths. These flight paths are largely derived from NOAA
P-3 flights during the 2004 NEAQS campaign. Each path includes several modules that illustrate
the types of objectives of interest and range of the operations area:

1 Constant altitude source plume crossings and Lagrangian sampling, at low altitude ~ 500 m.

1 Missed approaches: specifically for nighttime flights or times when the mixed layer depth is
shallow, use local airports in and downwind of major metropolitan areas to characterize vertical
extent of nocturnal chemistry down to the surface.

1 Stair step and spiralsto assess vertical profiles of pollutants, boundary layer free troposphere
exchange, and when possible, the role of cloud processing.
Most flightswould bemore focused on specific objectives than implied by these patterns alone.
The magenta path explsithe full range of the @30, to characterize the Atlanta, GA region
which will not be a frequent target aréat is an important one to characterize nonetheless given
recent summertime campaigns in that region and its position in a distinctly mildetectzone
in winter compared to the Northeast U.S. The yellow path shows a flight that could survey both
power plants in the Ohio River Valley and the New York City (NYC) pluthe inset shogthe
aircraft altitudeprofile for this path (ranging betwee® — 3000 m). An alternative flight could
focus entirely on the NYC plume, i.e. continuing the-zég pattern further ohore (assuming
southwesterly flow). Although not shown iRigure 11, many flights will pass neaan
instrumented surface site (seddvd.

3.1.2. Aircraft Payload

Table 1summarizes the key set of instrumentation that will be supplied by request, byg,tbe PI

by collaboratorsinstruments are prioritized as follows. Priority 1 instruments are required to
address the scientific quests outlined above. Priority 2 instruments would be needed to carry
out a more comprehensive evaluation of associated emissions. Priority 3 instruments could be
used to address important but somewhat more peripheral scientific issues and would be include
as interest and resources allaMl. priority 1 instruments have flight experience either on the C

130, the NASA D@8, andbr the NOAA R3, and the capabilities of each have generally been
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described in the literatuf@ertram et al. 2011 DeCarlo et al, 2006 Dube et al. 2006 Kercher

et al, 2009 Lee et al. 2003 Orsini et al, 2003 Perring et al, 2013; Thornton et al. 200Q
Wagner et al.2011 Washenfelder et al2008 Washenfelder et al2011 Yatavelli et al, 2012
Young et al. 2013. The lodide HRToFCIMS, recenty flown by UW on the NOAA F3,
successfully recorded data for 100% of all research fligimspreliminary data continues to be
uploaded to the data archive. Its performance metrics, in terms of sensitivity and detection limits,
will be detailed in a foltcoming manuscript, and are as good or better than the CIMS used
previously by the PlKercher et al. 2009 Riedel et al, 2012a Riedel et al. 2013 Thornton et

al., 201Q. Acetate chemical ionizatiofBertram et al. 2011 Veres et al.2008 Yatavelli et al,

2017 will be employed on a mass spectrometeniaal to the lodide HRIToF~CIMS discussed
above.

Together, the suite of instrumentation we will deploy and source regions we will target, will
allow us to address the specific goals summarized above while allowing investigation of new or
unexpected averes in the seasonality of emissions, chemical processing and transport
mechanisms. There is an intentional degree of redundancy between the chemical species targeted
by any one instrument. Duplication of key measurements ensures the most comprehensive data
coverage possible and allows for intercomparisons that reduce the likelihood of artifacts for
newer, less weltharacterized measurements (e.g. HONO)3; Nidasurements are challenging,
especially from aircraft. Los Gatos Research (LGR he3 indicatedtimay provide an NH
instrument, among othersyéd help deploy it at no cost should such a campaign go forwaed
instrument has flight experience on the DOEL @ircraft[Leen et al. 2013 and together with

the AMS and PiLS measurements will provide a useful constraint on total ammonia.

Table 1. Instruments to be deployed on the €30 aircratft.

Measurement Technique Flight Requestel / Priority Science
Ready Supplied Goal

NO, NGO, total alkyl and UCB TD- Y S 1 1,2,3
peroxy nitrates, HN® LIF[Perring et al,

2013 Thornton et

al., 2003
NOsz, N2Os, O3 NOAA CaRDS Y* S 1 1,2,3
CINO,, Cl, NoOs, UW HR-ToF Y* S 1 1,2,3
hydroxynitrates, HN@ CIMS

(lodide)Kercher

et al, 2009 Lee et

al., 2013
Inorganic  Acids (HONO, UW HR-ToF~ Y** S 1 1,2,3

HNCO, HCI, HNQ, others) CIMS

(Acetate)Lee et
al., 2013 Yatavelli
et al, 2017

HONO ACES Y S 1 1
(NOAA)[Washenf
elder et al, 2008
Young et al.2013

SO UV Fluorescence Y S 1 2,3
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CO,/CH,/CO/O3 NCAR CARI Y R 1 1,2,3
NO NCAR CARI Y R 2 1,3
Rapid response VOC NCAR TOGA Y R 1 2,3
Whole Air Sampler (VOC) NCAR WAS Y R 2 1,23
Aerosol and cloud sizz UHSAS and FSSP Y R 1 1,2,3
distribution
Aerosol composition (nen NCAR ToFAMS Y*** R 1 1,2,3
refractory organi¢ sulfate led by CU Boulder
nitrate
Aerosol composition (water Georgia Tech Y S 1 1,23
soluble, e.g. ClI NOs, NH;", PiLS[Lee et al.
Na") 2003 Orsini et al,

2003
NH3 ICOS (LGR IrT) Y S 2 1,2,3
Actinic Flux Spectroradiometer Y R 2 1,2
Black carbon mass SP2 Y N/A 3 2,3
OH, HO,, and RQ CIMS or LIF Y N/A 3 1,2
Aerosol extinction Cavity ringdown Y N/A 3 2,3
Aerosol absorption Photoacoustic Y N/A 3 2,3

3.2.Instrumented Ground Site and Smal Aircraft Sampling

Several key issues relevant to addressing the primary goals outlined above cannot be adequately
evaluated with aircraft observations alone. For example, production of HONO at the ground
surface will likely be a major source for radigeiecursors during the campaipviandenBoer et

al., 2013. However, restriction of routine-C30 operations to altitudesale 1000 ft will limit

our ability to characterize associated components at the surface. In addition, recent
measurements in Colorado during winter revealed that most particulaggeclrsor for CIN@

via reaction (3b), was in the form of refractory Nadhd associated primarily with super
micrometer sizegYoung et al. 2013. The AMS characterizes only nagfractory forms of
particulate C| and aircraft inlets do not pass larger aerosol size fractions efficiently. Thus,
aircraft measurements may underestimate ambient particulamoi@entrations. In addition,
because aerosol composition (including pH) esnvith particle size, sizesolved composition

is required to characterize the thermodynamic state of the multiphase system and associated
implications related to HN@partitioning or CINQ production[Young et al.2013. Finally, the

role of Br species for radical budgets in continental air may be important, but remains poorly
constrained by observatiof¥oung et al. 2013. Br species will not be measured from the
aircraft.

We propose to conduct a suite of tovwased measurements (Table 2) at the Beltsville Center
for Climate System Observation (BCCSO) operated by Howard University near Beltsville, MD
(http://www.bccso.org/researchMany of these measurements and aeisged data interpretation
would be independently funded by collaborating organizations at nal$NSF This specific
effort will augment the limited lovaltitude observations that will be available from thd. 3D

with continuous timeseries measuremesn to: (1) characterize diurnal variability in the
composition and thermodynamic state of the multiphas@agdgle systenfiYoung et al.2013,

(2) constrain net HONO production at the surffi¢andenBoer et 31.2013, (3) quantiy total
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volatile inorganic and particulate Br to explore the potential importance of Br chemistry in
continental air during winter. We will sample soluble acidszNd¢rosols, and Br species from

the top of a 20 m tower using procedures similar to thmsmessfully employed during
NACHTT [VandenBoer et gl.2013 Young et al. 2013. HONO will be measured ih an
acetate CIMS alternately near the surface at the tower top. Net HONO exchange will be
guantified from the vertical concentration gradients and micrometeorological conditions
measured in parallel by the Howdddiversity collaborators

Table 2. Instruments to be deployed at the tower site.

Measurement Technique Priority
NOs, NoOs, NO, NG, NGy, O3 NOAA Cavity ring down 1
HONO, CING, NOAA, Q-CIMS 1
Inorganic acids (including HONO) and NH  UVA, MC/IC 1
Aerosol composition gjzeresolved; watel UVA, Cascade Impactor/IC 1
soluble)

Volatile inorganic Br and aerosol compositic UNH, Filterpacks/Neutror 1
(bulk, elemental) activation

Air-mass trajectories, boundagyer structure NOAA 1

Towerbased observations will be augmed by coordinated measurements from a light aircraft
operated by the University of Marylandertical profiles of NO, N@, NO,, G;, CO, CH,, CO,,

and related meteorological conditions near the tower will facilitate interpretation esuréace
measurerants in the context of the deeper boundary layer. Ongoing soundings and remote
sensing of aerosol and cloud properties at BCCSO will also be useful in this regard.

3.3 RegionalModeling for Planning and Analysis

As noted in the introduction, there arevfé any field campaigngver the NE U.Sthat provide

an adequate test of the emissions and chemical mechanisms expected to be important in
wintertime. A key outcome of the&/INTER study will be to improve the accuracy of wintertime
processes in regionahd global chemical transport and chemisfignate models. This goal will

be achieved by providing a staibthe-art measurement suite over a reasonably large
geographical source region that can be used to test and improve models, while also involving
curent models during the study in forecast mode to plan and execute flight midalens.
envision utilizing both high resolution chemical transport models driven in part by input from
global models, such as CMAQ and WHRIRem, and also global chemical trangpmodels
operated in nestegrid mode, such as GEG&hem or CAM.

A primary tool for flight plan development will be the GEQ@8&em nested grid aerosmkidant

simulation driven by GEOS met eorol ogi cal fields from NA
AssimilationOffice (GMAOQ) at a horizontal resolution of 1/2° latitude by 2/3° longitude over N.
America[van Donkelaar et al.2013 We will conduct hindcast simulatg for 5 winters with

up-to-date emissions inventories from the EPA and NOAA collaborators (see, e.g. Figure 6).
These simulations will be used prior to the campaign to develop specific flight patterns. During

the mission, the forecasting team will usdady GEOS5 chemical forecasts of CO, G50,

O3, and aerosols from GMAO at 0.25° resolution for daily flight planning. The GERn
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simulation will be run in neareal time (NRT) mode using GE&Srealtime analysis, with
results available-3 days aftethe flights to rapidly compare with observations for assessing how
the flights are meeting mission goals.

After the missionwe envision both observational analyses and regional scale modeling activities
towards addressing the science questions outledealve Nestedgrid simulations with the
GEOSChem aerosebxidant model over N. America will be conductedd evaluated against

the ensemble of aircraft and grodbased observations collected duriWNTER to address the
impact of HONO and CIN®on O; production and oxidation rates, the relative importance of
secondary aerosol formation pathways, and the accuracy of boftanthropogenic emission
inventories for the NE U.S. The GE&@3hem model will be used to construct budgets fog,NO
SO, VOCs and @over theWINTER region and assess the export efficiencies of these species.
These wintertime budgets will be contrasted to summertime budgets for the same region.

4. Broader Impacts

Wintertime processes are poorly sampled, and theaatampaign as proged herein wouldll

a major gap in current understanding that impacts broad areas of Earth system science. Findings
from such acampaign will aid the development and optimization of Earth system madels
address current scientific issues relevantit@uaality and climateBy addressing the paucity of

data on primary pollutant emissions and distributions during witttesquld provide important
constraints on the causes of degraded surface air quality in winter, potential nitrogen and acid
depositionto ecosystemssuch as the sensitive Chesapeake Bay, export of pollution across
national boundaries, and the contribution of anthropogenic emissions to changes in the global
tropospheric @background and thus oxidizing capacity. These issuepaentidly important

to governmental and negovernmentalenvironmentalorganizations at the local, state, and
federal levels with international dimensions as well. Broad dissemination of the results-n open
access and highuality peefreviewed journalswill make results from this study available to
stakeholders fouse a®bjective and independent observational metrics.

This project will involve the training of several graduate and undergraduate students from
multiple institutions in statef-the-art measureménechniques and atmospheric science. We

would also requesNCAR EOL to assist in planning and conducting outreach activities to local

K-12 and the general publaiented around the uniquely inspiring activities associated with use

of the G130 aircraft br scientific missionsThese activities would includésits to the aircraft

bylocal k12 students near the operations base and
outlets visit the aircraft for awewudusizeconf er
social media outlet® reach a broader audience than the local media outlets alone.

5. Appendixi Acronyms/Abbreviations Used

AMS Aerosol Mass Spectrometer

CAM Community Atmosphere Model

CIMS Chemical lonization Mass Spectrometry
CMAQ Community Model for Air Quality

DOAS Differential Optical Absorption Spectroscopy
DJF December January February

GEOS Global Earth Observing System
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IC lon Chromatography

JJA June July August

MC Mist Chamber

MCM Master Chemical Mechanism

NADP Nationd Atmospheric Deposition Program
PILS Particle into Liquid Sampler

POA Primary Organic Aerosol

PTRMS Proton Transfer Reaction Mass Spectrometry
SOA Secondary Organic Aerosol

SP2 Single Particle Soot Photometer

TDLAS Tunable Diode Laser Absorption Spescopy
TD-LIF Thermal Dissociation Laser Induced Fluorescence
UHSAS Ultra-High Sensitivity Aerosol Spectrometer
uv Ultraviolet

VOC Volatile Organic Compounds

VUV Vacuum Ultraviolet

WRF Weather Research Forecasting

6. References

Alexander, B., M. G. Hastings, D. J. Allman, J. Dachs, J. A. Thornton, and S. A. Kunasek
(2009a), Quantifying atmospheric nitrate formation pathways based on a global model of the
oxygen isotopic composition (D) of atmospheric nitratedtmos. Chem. Phys9(14), 5043

5056.

Alexander, B., R. J. Park, D. J. Jacob, and S. L. Gong (2009b), Transitioncatatgzed
oxidation of atmospheric sulfur: Global implications for the sulfur budbg&gophys Re&tmos
114, D02309, doi: 10.1029/2008jd010486.

Alicke, B., U. Platt, and J. Stutz (2002), Impact of nitrous acid photolysis on the total hydroxyl
radical budget during the Limitation of Oxidant Production/Pianura Padana Produzione di Ozono
study in Milan,J Geophys Re&tmos 107(D22), Artn 8196, doi: 10.129/2000jd000075.

Appel, K. W., P. V. Bhave, A. B. Gillland, G. Sarwar, and S. J. Roselle (2008), Evaluation of
the community multiscale air quality (CMAQ) model version 4.5: Sensitivities impacting model
performance; Part IlI- particulate matter, Atmos HHviron, 42(24), 60576066, doi:
10.1016/j.atmosenv.2008.03.036.

Bakwin, P. S., P. P. Tans, D. F. Hurst, and C. L. Zhao (1998), Measurements of carbon dioxide
on very tall towers: results of the NOAA/CMDL prograifiellus B 50(5), 402415, doi: DOI
10.1034j.1600-0889.1998.t04-00001..x.

Berglen, T. F., T. K. Berntsen, I. S. A. Isaksen, and J. K. Sundet (2004), A global model of the

coupled sulfur/oxidant chemistry in the troposphere: The sulfur cyc@eophys Reatmos
109D19), D19310, doi: 10.1029/23jd003948.

21



Bertram, T. H., and J. A. Thornton (2009), Toward a general parameterization of N205
reactivity on aqueous particles: the competing effects of particle liquid water, nitrate and
chloride,Atmos Chem Phy8(21), 83518363.

Bertram, T. H., JA. Thornton, T. P. Riedel, A. M. Middlebrook, R. Bahreini, T. S. Bates, P. K.
Quinn, and D. J. Coffman (2009), Direct observations gdJ\reactivity on ambient aerosol
particles,Geophysical Research LetteB§, L19803, doi: 10.1029/2009GL040248.

Bertram, T. H., J. R. Kimmel, T. A. Crisp, O. S. Ryder, R. L. N. Yatavelli, J. A. Thornton, M. J.
Cubison, M. Gonin, and D. R. Worsnop (2011), A fidieployable, chemical ionization tintd-
flight mass spectrometeAtmos Meas Te¢h(7), 14711479, doi: DOl 1(b6194/ami4-1471-
2011.

Blasing, T. J., C. T. Broniak, and G. Marland (2005), The annual cycle of-foskitarbon
dioxide emissions in the United Statebellus B 57(2), 107115, doi: 10.1111/j.1660
0889.2005.00136.x.

Brown, S. S., T. B. Ryerson, A..@Vollny, C. A. Brock, R. Peltier, A. P. Sullivan, R. J. Weber,

W. P. Dube, M. Trainer, J. F. Meagher, F. C. Fehsenfeld, and A. R. Ravishankara (2006),
Variability in Nocturnal Nitrogen Oxide Processing and its role in Regional Air Qualignce
311(5757), 670, doi: 10.1126/science.1120120

Brown, S. S., J. A. Thornton, W. C. Keene, A. A. P. Pszenny, B. C. Sive, W. P. Dubé, N. L.
Wagner, C. J. Young, T. P. Riedel, J. M. Roberts, T. C. VandenBoer, R. Bahreini, F. Oztirk, A.
M. Middlebrook, S. Kim, GHubler, and D. E. Wolfe (2013), Nitrogen, aerosol composition and
halogens on a tall tower (NACHTT): Overview of a wintertime air chemistry field study in the
front range urban corridor of coloradbGeophys Re&tmosin press

Cai, C. X., C. Hogrefe, FKatsafados, G. Kallos, M. Beauharnois, J. J. Schwab, X. R. Ren, W.
H. Brune, X. L. Zhou, Y. He, and K. L. Demerjian (2008), Performance evaluation of an air
guality forecast modeling system for a summer and winter sed3botochemical oxidants and
their precursorsAtmos Environ42(37), 85858599, doi: 10.1016/j.atmosenv.2008.08.029.

Carlton, A. G., P. V. Bhave, S. L. Napelenok, E. D. Edney, G. Sarwar, R. W. Pinder, G. A.
Pouliot, and M. Houyoux (2010), Model Representation of Secondary Organic A@moso
CMAQV4.7,Environ Sci Technoh4(22), 85538560, doi: 10.1021/Es1006364.

Chang, S. Y., E. McDonalBuller, Y. Kimura, G. Yarwood, J. Neece, M. Russell, P. Tanaka,
and D. Allen (2002), Sensitivity of urban ozone formation to chlorine emission estiychos
Environ 36(32), 49915003.

Cooper, O. R., D. D. Parrish, A. Stohl, M. Trainer, P. Nedelec, V. Thouret, J. P. Cammas, S. J.
Oltmans, B. J. Johnson, D. Tarasick, T. Leblanc, I. S. McDermid, D. Jaffe, R. Gao, J. Stith, T.
Ryerson, K. Aikin, T. Campos, A. Weinheimer, and M. A. Avery (2010), Increasing springtime
ozone mixing ratios in the free troposphere over western North Amé&atare 4637279),
344-348, doi: Doi 10.1038/Nature08708.

22



Cooper, O. R., R. S. Gao, D. Tarasick, T. Leblanc, andwgeBey (2012), Lonterm ozone
trends at rural ozone monitoring sites across the United States;20200J Geophys Res
Atmos 117D22307), doi: DOI 10.1029/2012jd018261.

Davis, J. M., P. V. Bhave, and K. M. Foley (2008), Parameterization ,0fs Meactio
probabilities on the surface of particles containing ammonium, sulfate, and rtrates Chem
Phys 8(17), 52955311.

DeCarlo, P. F., J. R. Kimmel, A. Trimborn, M. J. Northway, J. T. Jayne, A. C. Aiken, M. Gonin,
K. Fuhrer, T. Horvath, K. S. Docherty). R. Worsnop, and J. L. Jimenez (2006), Field
deployable, highresolution, timeof-flight aerosol mass spectrometénal Chem78(24), 8281
8289, doi: Doi 10.1021/Ac061249n.

DeCarlo, P. F., I. M. Ulbrich, J. Crounse, B. de Foy, E. J. Dunlea, A. CnAikeKnapp, A. J.
Weinheimer, T. Campos, P. O. Wennberg, and J. L. Jimenez (2010), Investigation of the sources
and processing of organic aerosol over the Central Mexican Plateau from aircraft measurements
during MILAGRO, Atmos Chem Phy&0(12), 52575280, doi: DOI 10.5194/acff0-5257-2010.

Dube, W. P., S. S. Brown, H. D. Osthoff, M. R. Nunley, S. J. Ciciora, M. W. Paris, R. J.
McLaughlin, and A. R. Ravishankara (2006), Aircraft instrument for simultaneous, in situ
measurement of NO3 and N205 via pulsedity ringdown spectroscopyRev Sci Instrum
77(3), Artn 034101, doi: Doi 10.1063/1.2176058.

Edwards, P. M., C. J. Young, K. C. Aikin, J. A. de Gouw, W. P. Dubé, J. B. Gilman, D. Helmig,
J. S. Holloway, J. P. Kercher, B. M. Lerner, R. Martin, R. Mchai2. D. Parrish, J. Peischl, J.

M. Roberts, T. B. Ryerson, J. A. Thornton, C. Warneke, E. J. Williams, and S. S. Brown (2013),
Ozone photochemistry in an oil and natural gas extraction region during winter: Simulations of a
snowfree season in the uintabasin, utah,Atmos. Chem. Phys.13, 89558971, doi:
10.5194/acfl 3-89552013.

Elshorbany, Y. F., B. Steil, C. Bruhl, and J. Lelieveld (2012), Impact of HONO on global
atmospheric chemistry calculated with an empirical parameterization in the EMAC iode§
Chem Physl12(20), 997710000, doi: 10.5194/a€p2-99772012.

Gilliland, A. B., R. L. Dennis, S. J. Roselle, and T. E. Pierce (2003), Seasonatmibkion
estimates for the eastern United States based on ammonium wet concentrations and an inverse
modeling method) Geophys Re&tmos 108 D15), D4477, doi: 10.1029/2002jd003063.

Heald, C. L., J. L. Collett, T. Lee, K. B. Benedict, F. M. Schwandner, Y. Li, L. Clarisse, D. R.
Hurtmans, M. Van Damme, C. Clerbaux, P. F. Coheur, S. Philip, R. V. MartiriiaO. T. Pye
(2012), Atmospheric ammonia and particulate inorganic nitrogen over the United Atates,
Chem Physl2(21), 1029510312, doi: 10.5194/aep2-102952012.

Holzworth, G. C. (1967), Mixing Depths, Wind Speeds, and Air Pollution Potenti&dlected
Locations in the United Statekurnal of Applied Meteorology, 10391044.

23



Jimenez, J. L., M. R. Canagaratna, N. M. Donahue, A. S. H. Prevot, Q. Zhang, J. H. Kroll, P. F.
DeCarlo, J. D. Allan, H. Coe, N. L. Ng, A. C. Aiken, K. S. DocheftyM. Ulbrich, A. P.
Grieshop, A. L. Robinson, J. Duplissy, J. D. Smith, K. R. Wilson, V. A. Lanz, C. Hueglin, Y. L.
Sun, J. Tian, A. Laaksonen, T. Raatikainen, J. Rautiainen, P. Vaattovaara, M. Ehn, M. Kulmala,
J. M. Tomlinson, D. R. Collins, M. J. CubigcE. J. Dunlea, J. A. Huffman, T. B. Onasch, M. R.
Alfarra, P. I. Williams, K. Bower, Y. Kondo, J. Schneider, F. Drewnick, S. Borrmann, S.
Weimer, K. Demerjian, D. Salcedo, L. Cottrell, R. Griffin, A. Takami, T. Miyoshi, S.
Hatakeyama, A. Shimono, J. Yug Y. M. Zhang, K. Dzepina, J. R. Kimmel, D. Sueper, J. T.
Jayne, S. C. Herndon, A. M. Trimborn, L. R. Williams, E. C. Wood, A. M. Middlebrook, C. E.
Kolb, U. Baltensperger, and D. R. Worsnop (2009), Evolution of Organic Aerosols in the
AtmosphereSciene, 3265959), 15251529, doi: 10.1126/science.1180353.

Katzman, T. L., A. P. Rutter, J. J. Schauer, G. C. Lough, C. J. Kolb, and S. Van Klooster (2010),
PM2.5 and PM12.5 Compositions during Wintertime Episodes of Elevated PM Concentrations
across the Milwestern USA, Aerosol Air Qual Res 10(2), 146U113, doi:
10.4209/aaqr.2009.10.0063.

Keene, W. C., R. M. Lobert, P. J. Crutzen, J. R. Maben, D. H. Scharffe, T. Landmann, C. Hely,
and C. Brain (2006), Emissions of major gaseous and particulate specigg ekperimental
burns of southern African biomass] Geophys Re&tmos 111(D4), D04301, doi:
10.1029/2005jd006319.

Kercher, J. P., T. P. Riedel, and J. A. Thornton (2009), Chlorine activation ,0y: N
simultaneous, in situ detection of CIN@nd NOs by chemical ionization mass spectrometry,
Atmos Meas Tec¢2(1), 193204.

Kleinman, L. I. (2005), The dependence of tropospheric ozone production rate on ozone
precursorsAtmos Environ39(3), 575586, doi: 10.1016/j.atmosenv.2004.08.047.

Kleinman, L. I.,S. R. Springston, P. H. Daum, Y. N. Lee, L. J. Nunnermacker, G. I. Senum, J.
Wang, J. Weinstehhloyd, M. L. Alexander, J. Hubbe, J. Ortega, M. R. Canagaratna, and J.
Jayne (2008), The time evolution of aerosol composition over the Mexico City plAt®ans
Chem Phys8(6), 15591575.

Lee, H., F. D. LopeHilfiker, C. Mohr, and J. A. Thornton (2013), An lodide adduct high
resolution time of flight chemical ionization mass spectrometerTdRCIMS) for ground and
aircraft studies of reactive nitrogen, bgéns, and oxygenated organic compouAdsios Meas
Tech to be submittg@ov. 1), ftp.atmos.washington.edu/thornton/lodide -HH#~CIMS.pdf.

Lee, Y. N., R. Weber, Y. Ma, D. Orsini, K. Maxwéleier, D. Blake, S. Meinardi, G. Sachse, C.
Harward, T. Y. ChenD. Thornton, F. H. Tu, and A. Bandy (2003), Airborne measurement of
inorganic ionic components of fine aerosol particles using the pariokdiquid sampler
coupled to ion chromatography technique during A&fa and TRACEP, J Geophys Res
Atmos 108 D23), Artn 8646, doi: Doi 10.1029/2002jd003265.

24



Leen, J. B., XY. Yu, M. Gupta, D. S. Baer, J. M. Hubbe, C. D. Kluzek, J. M. Tomlinson, and
M. R. Hubbell (2013), Fast In Situ Airborne Measurement of Ammonia Using alriftared
Off-Axis ICOS SpectrometeEnviron Sci TechnpASAP Article doi: 10.1021/es401134u.

Levin, I., B. Kromer, M. Schmidt, and H. Sartorius (2003), A novel approach for independent
budgeting of fossil fuel COover Europe by (C&-C-14 observationsGeophysical Research
Letters 30(23), L2194, doi: 10.1029/200391018477.

Levy, H. (1971), Normal Atmosphere Large Radical and Formaldehyde Concentrations
PredictedSciencel1733992), 141, doi: 10.1126/science.173.3992.141.

Long, M. S., W. C. Keene, R. Easter, R. Sander, X. Liu, AkWeg, and D. J. Erickson (2013),
Sensitivity of tropospheric chemical composition to halegatical chemistry using a fully
coupled sizeesolved multiphase chemistry/global climate system: |. Halogen distributions,
aerosol composition, and sensitivdf climaterelevant gase#tmos. Chem. Phys. Discysk3,
60676129.

Mathur, R., S. Yu, D. Kang, and K. L. Schere (2008), Assessment of the wintertime performance
of developmental particulate matter forecasts with the&@munity Multiscale Air Qualt
modeling system] Geophys ReAtmos 113D2), D02303, doi: 10.1029/2007jd008580.

McCulloch, A., M. L. Aucott, C. M. Benkovitz, T. E. Graedel, G. Kleiman, P. M. Midgley, and
Y. F. Li (1999), Global emissions of hydrogen chloride and chloromethane fimah c

combustion, incineration and industrial activities: Reactive Chlorine Emissions Invedtory,
Geophys ReAtmos 104(D7), 83918403, doi: 10.1029/1999jd900025.

McGrath Spangler, E. L., and A. S. Denning (2013), Global seasonal variations of midday
plaretary boundary layer depth from CALIPSO sphoene LIDAR,J Geophys ReAtmos
1183), 12261233, doi: Doi 10.1002/Jgrd.50198.

Mickley, L. J., D. J. Jacob, and D. Rind (2001), Uncertainty in preindustrial abundance of
tropospheric ozone: Implications famdiative forcing calculations) Geophys Re&tmos
106D4), 33893399, doi: Doi 10.1029/2000jd900594.

Neuman, J. A., J. B. Nowak, C. A. Brock, M. Trainer, F. C. Fehsenfeld, J. S. Holloway, G.
Hubler, P. K. Hudson, D. M. Murphy, D. K. Nicks, D. Orsibi, D. Parrish, T. B. Ryerson, D. T.
Sueper, A. Sullivan, and R. Weber (2003), Variability in ammonium nitrate formation and nitric
acid depletion with altitude and location over Califordidseophys Re&tmos 108D17), Artn
4557, doi: 10.1029/2003jd0036.1

Orsini, D. A., Y. L. Ma, A. Sullivan, B. Sierau, K. Baumann, and R. J. Weber (2003),
Refinements to the particlato-liquid sampler (PILS) for ground and airborne measurements of
water soluble aerosol compositiorAtmos Environ 37(9-10), 12431259, oi: Doi
10.1016/S1352310(02)010154.

25



Oswald, R., T. Behrendt, M. Ermel, D. Wu, H. Su, Y. Cheng, C. Breuninger, A. Moravek, E.
Mougin, C. Delon, B. Loubet, A. PommereniRgser, M. Sorgel, U. Poschl, T. Hoffmann, M.
O. Andreae, F. X. Meixner, and I. Tef2013), HONO Emissions from Soil Bacteria as a Major
Source of Atmospheric Reactive Nitrogeigcience 341(6151), 12331235, doi: DOI
10.1126/science.1242266.

Parrish, D. D., M. Trainer, J. S. Holloway, J. E. Yee, M. S. Warshawsky, F. C. Fehsenfeld, G.
Forbes, and J. L. Moody (1998), Relationships between ozone and carbon monoxide at surface
sites in the North Atlantic regionJ Geophys ReAtmos 103D11), 1335713376, doi:
10.1029/98jd00376.

Parrish, D. D., T. B. Ryerson, J. S. Holloway, M. Trajreard F. C. Fehsenfeld (1999), New
Directions: Does pollution increase or decrease tropospheric ozone in ‘8fumbeg?, Atmos
Environ 33(30), 51475149.

Parrish, D. D., A. Stohl, C. Forster, E. L. Atlas, D. R. Blake, P. D. Goldan, W. C. Kuster, and J.
A. de Gouw (2007), Effects of mixing on evolution of hydrocarbon ratios in the troposphere,
Geophys Reétmos 112D10), doi: Artn D10s34

Doi 10.1029/2006jd007583.

Parrish, D. D., K. S. Law, J. Staehelin, R. Derwent, O. R. Cooper, H. Tanimoto, A. Volz
Thomas, S. Gilge, H. E. Scheel, M. Steinbacher, and E. Chan (2012)xtdromghanges in
lower tropospheric baseline ozone concentrations at northerhatititles,Atmos Chem Phys
12(23), 1148511504, doi: DOI 10.5194/aep2-114852012.

Parrish, D. D., K.S. Law, J. Staehelin, R. Derwent, O. R. Cooper, H. Tanimoto, A.-Volz
Thomas, S. Gilge, H. E. Scheel, M. Steinbacher, and E. Chan (2013), Lower tropospheric ozone
at northern midlatitudes: Changing seasonal cy@kgphysical Research Letter¥X8), 1631

1636, doi: Doi 10.1002/Grl.50303.

Perring, A. E., S. E. Pusede, and R. C. Cohen (2013), An Observational Perspective on the
Atmospheric Impacts of Alkyl and Multifunctional Nitrates on Ozone and Secondary Organic
Aerosol,Chemical Reviewd13 58485870.

Pinder, R. W., P. J. Adams, S. N. Pandis, and A. B. Gilliland (2006), Temporally resolved
ammonia emission inventories: Current estimates, evaluation tools, and measurement needs,
Geophys ReéAtmos 111(D16), D16310, doi: 10.1029/2005jd006603.

Pinder,R. W., A. B. Gilliland, and R. L. Dennis (2008), Environmental impact of atmospheric
NH3; emissions under present and future conditions in the eastern United Gedghysical
Research Letter85(12), L12808, doi: 10.1029/200891033732.

Platt, U., D. Pener, G. W. Harris, A. M. Winer, and J. N. Pitts (1980), Observations of Nitrous

Acid in an Urban Atmosphere by Differential Optiggdbsorption,Nature 2855763), 312314,
doi: 10.1038/285312a0.

26



Ren, Q. H., and Z. D. Chen (2005), Comparative study cectsffof bridging and terminal
ligands on magnetic exchange interaction in [(NH3)(5)Cr{¥har(NH3)(4)L](n+) (X=0, OH;
L=0OH, OH2, NH3; n=4, 5): density functional theory studyiMol StrueTheochem7191-3),
159168, doi: DOI 10.1016/j.theochem.2004.11304

Riedel, T. P., T. H. Bertram, T. A. Crisp, E. J. Williams, B. M. Lerner, A. Vlasenko, S. M. Li, J.
Gilman, J. de Gouw, D. M. Bon, N. L. Wagner, S. S. Brown, and J. A. Thornton (2012a), Nitryl
Chloride and Molecular Chlorine in the Coastal Marine Bomdayer, Environ Sci Technol
46(19), 1046310470, doi: 10.1021/Es204632r.

Riedel, T. P., T. H. Bertram, O. S. Ryder, S. Liu, D. A. Day, L. M. Russell, C. J. Gaston, K. A.
Prather, and J. A. Thornton (2012b), DirecObIreactivity measurements at a jpodd coastal
site, Atmos. Chem. Phyd.2(6), 29592968, doi: 10.5194/aep2-29592012.

Riedel, T. P., N. L. Wagner, W. P. Dube, A. M. Middlebrook, C. A. Brock, C. J. Young, F.
Ozturk, R. Bahreini, T. C. VandenBoer, D. E. Wolfe, E. J. Williams, J. M. Rgb®. S. Brown,

and J. A. Thornton (2013), Vertically resolved CINand C} measurements from a tall tower in

a polluted continental setting: insights into chlorine activation in urban and power plant plumes,
J Geophys Re&tmos 118 doi: 10.1002/jgrcb0637.

Robinson, A. L., N. M. Donahue, M. K. Shrivastava, E. A. Weitkamp, A. M. Sage, A. P.
Grieshop, T. E. Lane, J. R. Pierce, and S. N. Pandis (2007), Rethinking organic aerosols:
Semivolatile emissions and photochemical agir8gience 3155816), 12591262, doi:
10.1126/science.1133061.

Russell, A. R., L. C. Valin, and R. C. Cohen (2012), Trends in OMI NO2 observations over the
United States: effects of emission control technology and the economic recéssios,Chem
Phys 12(24), 1219712209, doi10.5194/acfl2-121972012.

Sarwar, G., H. Simon, P. Bhave, and G. Yarwood (2012), Examining the impact of
heterogeneous nitryl chloride production on air quality across the United $tatess Chem
Phys 12(14), 64556473, doi: 10.5194/aehp2-64552012.

Seidel, D. J., Y. H. Zhang, A. Beljaars, J. C. Golaz, A. R. Jacobson, and B. Medeiros (2012),
Climatology of the planetary boundary layer over the continental United States and Burope,
Geophys Reétmos 117, doi: Artn D17106

Doi 10.1029/2012jd018143.

Shindell, D., G. Faluvegi, A. Lacis, J. Hansen, R. Ruedy, and E. Aguilar (2006), Role of
tropospheric ozone increases in 20émtury climate change, Geophys Re&tmos 111(D8),

doi: Artn D08302

Doi 10.1029/2005jd006348.

Shindell, D. T., G. Faluvegi, DM. Koch, G. A. Schmidt, N. Unger, and S. E. Bauer (2009),

Improved Attribution of Climate Forcing to EmissionScience 3265953), 716718, doi:
10.1126/science.1174760.

27



Shrivastava, M. K., T. E. Lane, N. M. Donahue, S. N. Pandis, and A. L. Robins0&),(20
Effects of gas particle partitioning and aging of primary emissions on urban and regional organic
aerosol concentrationd,Geophys Re&Atmos 113D18), D18301, doi: 10.1029/2007jd009735.

Sorgel, M., E. Regelin, H. Bozem, J. M. Diesch, F. Drewnicki-ischer, H. Harder, A. Held, Z.
HosaynakBeygi, M. Martinez, and C. Zetzsch (2011), Quantification of the unknown HONO
daytime source and its relation to NO&fmos Chem Physl11(20), 1043310447, doi:
10.5194/acil1-104332011.

Stemmler, K., M. AmmannC. Donders, J. Kleffmann, and C. George (2006), Photosensitized
reduction of nitrogen dioxide on humic acid as a source of nitrousNaidre 440(7081), 195
198, doi: 10.1038/Nature04603.

Stutz, J., B. Alicke, and A. Neftel (2002), Nitrous acid fotiora in the urban atmosphere:
Gradient measurements of NO2 and HONO over grass in Milan, kaBgophys ReAtmos
107D22), Artn 8192, doi: 10.1029/2001jd000390.

Su, H., Y. F. Cheng, R. Oswald, T. Behrendt, I. Trebs, F. X. Meixner, M. O. Andreaegiyy,Ch
Y. Zhang, and U. Poschl (2011), Soil Nitrite as a Source of Atmospheric HONO and OH
Radicals Science3336049), 16161618, doi: 10.1126/science.1207687.

Thornton, J. A., P. J. Wooldridge, and R. C. Cohen (2000), Atmospheric NO2: In situ laser
induced fluorescence detection at parts per trillion mixing rattoswl Chem 72(3), 528539,
doi: Doi 10.1021/Ac9908905.

Thornton, J. A., P. J. Wooldridge, R. C. Cohen, M. Martinez, H. Harder, W. H. Brune, E. J.
Williams, J. M. Roberts, F. C. Fehsenfeld,R5.Hall, R. E. Shetter, B. P. Wert, and A. Fried
(2002), Ozone production rates as a function of NOx abundances and HOx production rates in
the Nashville urban plume,J Geophys ReAtmos 1071D12), Artn 4146, doi:
10.1029/2001jd000932.

Thornton, J. A., JP. Kercher, T. P. Riedel, N. L. Wagner, J. Cozic, J. S. Holloway, W. P. Dube,
G. M. Wolfe, P. K. Quinn, A. M. Middlebrook, B. Alexander, and S. S. Brown (2010), A large
atomic chlorine source inferred from medntinental reactive nitrogen chemistrijature,
464(7286), 271274, doi: 10.1038/Nature08905.

van Donkelaar, A., R. V. Martin, A. N. Pasch, J. J. Szykman, L. Zhang, Y. X. X. Wang, and D.
Chen (2012), Improving the Accuracy of Daily Satelllerived GrouneLevel Fine Aerosol
Concentration Estimatder North AmericaEnviron Sci Technp#6(21), 1197111978, doi: Doi
10.1021/Es30253109.

VandenBoer, T. C., J. G. Murphy, J. M. Roberts, A. M. Middlebrook, C. A. Brock, B. Lerner, D.
E. Wolfe, E. J. Williams, S. S. Brown, C. Warneke, J. De Gouw, N. Ilgin&fa C. J. Young, W.

P. Dube, R. Bahreini, T. P. Riedel, J. A. Thornton, F. Ozturk, W. C. Keene, J. R. Maben, A. A.
P. Pszenny, S. Kim, N. Grossberg, and B. Lefer (2013), Understanding the role of the ground

28



surface in HONO vertical structure: High redaua vertical profiles during NACHTAL1 J
Geophys Reétmos in press(NACHTT special issue).

Veres, P., J. M. Roberts, C. Warneke, D. Wdsim, M. Zahniser, S. Herndon, R. Fall, and J. de
Gouw (2008), Development of negati@ protontransfer chemicalbnization mass
spectrometry (NPT-CIMS) for the measurement of gakase organic acids in the atmosphere,
Int J Mass Spectron274(1-3), 4855, doi: DOI 10.1016/j.ijms.2008.04.032.

Wagner, N. L., W. P. Dube, R. A. Washenfelder, C. J. Young, |. B.dkolla B. Ryerson, and
S. S. Brown (2011), Diode lasbased cavity ringlown instrument for NO3, N205, NO, NO2
and Q3 from aircraft Atmos Meas TegH(6), 12271240, doi: DOI 10.5194/ant-12272011.

Wahner, A., T. F. Mentel, M. Sohn, and J. Stier @9Meterogeneous reaction of N205 on
sodium nitrate aerosol, J Geophys ReAtmos 103D23), 3110331112, doi:
10.1029/1998jd100022.

Washenfelder, R. A., A. O. Langford, H. Fuchs, and S. S. Brown (2008), Measurement of
glyoxal using an incoherent broadidacavity enhanced absorption spectromefmos Chem
Phys 8(24), 77797793.

Washenfelder, R. A., C. J. Young, S. S. Brown, W. M. Angevine, E. L. Atlas, D. R. Blake, D. M.
Bon, M. J. Cubison, J. A. de Gouw, S. Dusanter, J. Flynn, J. B. Gilman, M. Graasffith, N.
Grossberg, P. L. Hayes, J. L. Jimenez, W. C. Kuster, B. L. Lefer, I. B. Pollack, T. B. Ryerson, H.
Stark, P. S. Stevens, and M. K. Trainer (2011), The glyoxal budget and its contribution to
organic aerosol for Los Angeles, California, dgric€alNex 2010,J Geophys ReAtmos
116DO00v02), doi: 10.1029/2011jd016314.

Wong, K. W., C. Tsai, B. Lefer, C. Haman, N. Grossberg, W. H. Brune, X. Ren, W. Luke, and J.
Stutz (2012), Daytime HONO vertical gradients during SHARP 2009 in HoustonAiXgs
Chem Physl2(2), 635652, doi: 10.5194/aep2-6352012.

Yatavelli, R. L. N., F. LopedHiilfiker, J. D. Wargo, J. R. Kimmel, M. J. Cubison, T. H. Bertram,

J. L. Jimenez, M. Gonin, D. R. Worsnop, and J. A. Thornton (2012), A Chemical lonization
High-Resoluion Timeof-Flight Mass Spectrometer Coupled to a Micro Orifice Volatilization
Impactor (MOVIHRToRCIMS) for Analysis of Gas and PartieRhase Organic Species,
Aerosol Sci Teg6(12), 13131327, doi: Doi 10.1080/02786826.2012.712236.

Yienger, J. J., AA. Klonecki, H. Levy, W. J. Moxim, and G. R. Carmichael (1999), An
evaluation of chemistry's role in the wintgring ozone maximum found in the northern
midlatitude free troposphere,J Geophys ReAtmos 104D3), 36553667, doi:
10.1029/1998jd100043.

Young, A., W. C. Keene, A. A. P. Pszenny, R. Sander, J. A. Thornton, T. P. Riedel, and J. R.
Maben (2013), Phase partitioning of soluble trace gases withreseb/ed aerosols in near
surface continental air over northern Colorado, USA during widt€eeophys Reg\tmos in
press(NACHTT special issue).

29



Young, C. J., R. A. Washenfelder, J. M. Roberts, L. H. Mielke, H. D. Osthoff, C. Tsai, O.
Pikelnaya, J. Stutz, P. R. Veres, A. K. Cochran, T. C. VandenBoer, J. Flynn, N. Grossberg, C. L.
Haman, B. Lefer, HStark, M. Graus, J. de Gouw, J. B. Gilman, W. C. Kuster, and S. S. Brown
(2012), Vertically Resolved Measurements of Nighttime Radical Reservoirs; in Los Angeles and
Their Contribution to the Urban Radical Buddetnviron Sci Technpl6(20), 1096510973 doi:
10.1021/Es302206a.

Zhang, L., D. J. Jacob, E. M. Knipping, N. Kumar, J. W. Munger, C. C. Carouge, A. van
Donkelaar, Y. X. Wang, and D. Chen (2012), Nitrogen deposition to the United States:
distribution, sources, and process&snos Chem Phy42(10), 45394554, doi: 10.5194/aep2-
45392012.

Zhang, Q., J. L. Jimenez, M. R. Canagaratna, J. D. Allan, H. Coe, I. Ulbrich, M. R. Alfarra, A.
Takami, A. M. Middlebrook, Y. L. Sun, K. Dzepina, E. Dunlea, K. Docherty, P. F. DeCarlo, D.
Salcedo, T. Onaschi. T. Jayne, T. Miyoshi, A. Shimono, S. Hatakeyama, N. Takegawa, Y.
Kondo, J. Schneider, F. Drewnick, S. Borrmann, S. Weimer, K. Demerjian, P. Williams, K.
Bower, R. Bahreini, L. Cottrell, R. J. Griffin, J. Rautiainen, J. Y. Sun, Y. M. Zhang, and D. R.
Worsnop (2007), Ubiquity and dominance of oxygenated species in organic aerosols in
anthropogenicalinfluenced Northern Hemisphere midlatitud€sophysical Research Letters
34(13), L13801, doi: 10.1029/20079gl029979.

30



